Shuang-huang-lian injection (SHLI) is a famous Chinese patent medicine, which has been wildly used in clinic to treat acute respiratory tract infection, pneumonia, influenza, and so forth. Despite the widespread clinical application, the prototype components and metabolites of SHLI have not been fully elucidated, especially in human body. To discover and screen the constituents or metabolites of Chinese medicine in biofluids tends to be more and more difficult due to the complexity of chemical compositions, metabolic reactions and matrix effects. In this work, a metabolomic strategy to comprehensively elucidate the prototype components and metabolites of SHLI in human serum conducted by UPLC-Q-TOF/MS was developed. Orthogonal partial least squared discriminant analysis (OPLS-DA) was applied to distinguish the exogenous, namely, druginduced constituents, from endogenous in human serum. In the S-plot, 35 drug-induced constituents were found, including 23 prototype compounds and 12 metabolites which indicated that SHLI in human body mainly caused phase II metabolite reactions. It was concluded that the metabolomic strategy for identification of herbal constituents and metabolites in biological samples was successfully developed. This identification and structural elucidation of the chemical compounds provided essential data for further pharmacological and pharmacokinetics study of SHLI.
Introduction
Shuang-huang-lian injection (SHLI) is a typical Chinese herbal injection that is made from the extracts of Flos Lonicerae Japonicae, Radix Scutellariae, and Fructus Forsythiae. It has been widely used for the treatment of acute upper respiratory tract infections [1, 2] . Baicalin, chlorogenic acid, and forsythin are the marker compounds representing Radix Scutellariae, Flos Lonicerae Japonicae, and Fructus Forsythiae, respectively, for the quality control of this medicine [3] . Though several published papers have reported the determination of major active components and metabolites in Shuang-huang-lian (SHL) preparations [4] [5] [6] , there is no substantial evidence to confirm the holistic existing form of SHLI in vivo, especially in human body. Therefore, systematically, screening the constituents and metabolites of SHLI in human blood is of great significance for interpreting its material basis for pharmacological effects. Currently, the ingredients of SHL formula have been detected in rat blood [7] . However, the recent study suggests that 2 Journal of Analytical Methods in Chemistry species differences in key hepatic efflux transporters are sufficiently profound to warrant careful re-examination of conclusions and to design future studies with caution [8] . Some data have revealed that rat liver contains much more (∼10-fold) apical multidrug resistance-associated protein 2 (Mrp2) resulting in a much higher capacity for the biliary excretion of organic anions in rats than human or other preclinical species [9] . Therefore, to reveal the pharmacological mechanism of SHLI, comprehensive analysis of the constituents and metabolites in human body is more scientific and rational.
The process of metabolite detection and identification is typically a labor-intensive and time-consuming process. This process has been simplified by the use of radiolabeled compounds and/or spectroscopic techniques such as mass spectrometry and NMR spectroscopy [10] [11] [12] [13] . Of these analysis techniques, liquid chromatography coupled with electrospray ionization mass spectrometer has been widely used to detect and identify trace levels of drugs and metabolites in various biological samples due to its high sensitivity and selectivity [14] [15] [16] . Ultra performance liquid chromatography (UPLC) applied for short run times combined with a quadrupole/time of flight-mass spectrometer (Q/TOF-MS) which offers high mass accuracy has become a major tool that provides a significant source of global constituent and metabolite profiling data [17] [18] [19] . Given the chemical complexity of SHLI in vivo, UPLC-Q-TOF/MS provides faster separations for complex blood samples and valuable structural insights into the characterization of SHLI metabolites.
A straightforward approach for identifying exogenous metabolites in vivo is to compare the LC-MS chromatograms of biological samples collected before and after xenobiotic treatment. However, without using effective analysis method, it is difficult to identify exogenous metabolites through visual examination of LC-MS chromatograms that contain information from thousands of chemical species [20] . A metabolomic strategy has been developed to handle the acquired data and to search for the discriminating features from biosample sets. A xenobiotic and its metabolites only appear in the samples after xenobiotic treatment, and so when using metabolomic strategy, the differences between the control group and the xenobiotic-treated group are mainly defined by the presence of the xenobiotic and its metabolites. With appropriate data processing, the separation of the control group and the xenobiotic-treated group can be achieved in the score plot of a multivariate model, and exogenous metabolites can be conveniently identified by analyzing ions contributing to the separation of the two groups. Employing this approach, the present study aims to develop a metabolomic strategy to comprehensively elucidate the prototype components and metabolites of SHLI in human serum conducted by UPLC-Q-TOF/MS. 
Experiment

Subjects and Clinical Trial
Design. The study was approved by an independent ethics committee at Beijing University of Chinese Medicine, before recruitment commenced. Before the initiation of study procedures, all volunteers gave their written informed consent for participation in the study. Thirteen healthy volunteers, without taking any medication, participated in the study. They were aged between 25 and 40 years and with weight between 50 and 80 kg. After overnight fasting, early-morning blood samples (20 mL each) were collected from the medial cubital vein into evacuated tubes and marked as the control group (C group). Then participants were intravenous infusion of 60 mg/kg of SHLI (dissolved with 500 mL saline solution). The blood samples were collected at 0.5 h after SHLI administration and marked as SHLI dosed group (SHLI group). The blood supernatant was allowed to clot overnight at room temperature, and the clotted material was removed by centrifugation (3000 rpm, 15 min). The serum was collected and stored at −80 ∘ C.
Pretreatment Procedure for SHLI.
The Shuang-huanglian lyophilized powder for injection (0.1 g) was weighed and dissolved with 100 mL water. Then, it was filtered by a 0.22 m filter before UPLC-Q-TOF/MS analysis.
Pretreatment Procedure for Serum Samples.
All serum samples were thawed at room temperature followed by methanol protein precipitation. Serum (200 L) was added with 600 L methanol, vortexed for 30 s, and centrifuged at 14000 g for 10 min at 4 ∘ C. Then, supernatant (400 L) was transferred to a clean tube and evaporated to dryness under a gentle stream of nitrogen. The residue was redissolved with 100 L ultra high purity water and transferred to an autosampler vial.
UPLC-Q-TOF/MS
Analysis. Separation and detection of the components and metabolites of SHLI were performed on a Waters Acquit UPLC chromatographic system (Waters Corp., Milford, USA) equipped with a Evoe G2 Q/TOF (Waters MS Technologies, Manchester, UK). An electrospray ionization source (ESI) interface was used in both positive and negative ion modes. Acquit UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 m, Waters, UK) was applied for all analyses. The mobile phase was composed of A (0.1% formic acid in water) and B (methanol) with a linear gradient elution: 0-1 min, maintained at 0% B; 1-5 min, from 0% B to 40% B; 5-8 min, from 40% B to 100% B; 8-13 min, maintained at 0% B; 13.0-13.1 min, isocratic of 0% B; 13.1-15 min, maintained at 0% B. The flow rate was 0.30 L/min. The analytic column and autosampler were maintained at temperatures of 45 ∘ C and 4 ∘ C, respectively. Then, 1 L of sample solution was injected for each run. Data were collected from m/z 50 to m/z 1200. For positive ion mode, the capillary and cone voltage were set at 3 kV and 35 V. For negative ion mode, the capillary and cone voltage were set at 2.5 kV and 35 V. The conservation gas was set at 700 L/h at a temperature of 350 ∘ C. The source temperature was set at 100 ∘ C. The cone gas was set at 50 L/h. Leucine-enkephalin was used as the lock mass solution to ensure the accuracy and reproducibility.
Data Processing and Statistical Analysis.
The ES+ and ES− raw data was analyzed by MarkerLynx XS software (Waters Corp., Milford, USA). For extracting data from the raw file and detecting potential markers, the retention time range was set at 0-13 min, the mass range at 50-1000 amu, and the mass tolerance as 0.01. For detecting chromatographic peaks in the Apex Track Peak, peak width at 5% height was set at 1.00, and the peak-to-peak baseline noise was 0.00. For collecting parameters, the marker intensity threshold was set at 1000 cps, the mass window was 0.02 amu, and retention time window was 0.20 min. The noise elimination level was 6. This process provided alignment of drift (retention time and accurate mass) in data and ensured that a chromatographic peak was identified with the same parameters in each sample. Subsequently, a list of intensities or peak areas of the peaks was then generated for the first chromatogram, using the ER-m/z pairs as identifiers. The procedure was applied for each UPLC/MS analysis. The ion intensities or peak area for each peak detected was also normalized within each sample to the sum of the peak intensities in that sample. The three-dimensional data were introduced into the EZinfo 2.0 software (Waters Corporation, Milford, MA, USA) for orthogonal partial least-squares-discriminate analysis (OPLS-DA).
Results and Discussion
Identification and Analysis of Chemical Components in SHLI.
Global profiling of both positive and negative ion modes was analyzed by UPLC-Q-TOF/MS. The typical base peak intensity (BPI) chromatograms (positive ion mode and negative ion mode) of SHLI were shown in Figure 1 . In total, 38 constituents were detected and tentatively characterized in SHLI (Table 1) . MS E technique, a new technique used in deducing the splitting disciplinary of MS, was applied to data collection. MS E technique could provide parallel alternating scans for acquisition at low collision energy to obtain precursor ion information or at a ramping of high collision energy to obtain a full-scan accurate mass of fragments, precursor ions, and neutral loss information [21, 22] . Here, the high precision MS/MS fragments Table 1 to explain the structure information of the chemical constituents. All the constituents and the fragmentation information were consistent with previous reports [23, 24] . Figure 2 represented the typical BPI chromatograms (positive ion mode and negative ion mode) of human serum samples before and after SHLI administration. The prototype components and metabolites of SHLI in human serum were almost submerged by the endogenous metabolites due to the high level of endogenous signals. Interferences from biological matrices remain a major challenge to detection of metabolites in vivo. Without the presence of a radiolabeled isotope or a data-mining tool, it would be almost impossible to identify low level exogenous metabolites. In our work, a metabolomic strategy was employed to phenotype the differences between C group and SHLI group. The LC/MS data were processed using MarkerLynx XS to detect peaks and generate a three-dimensional data with -m/z pairs and the corresponding intensities. Statistical analysis by OPLS-DA was subsequently performed on the entire dataset. Figure 3 showed the OPLS-DA score plots of human serum samples before and after SHLI injection. Clear separation was observed between the two groups, which indicated that the drug-induced constituents were contributed to the clustering.
Analysis of Human Serum by Metabolomic Strategy.
Identification and Analysis of Prototype Components and
Metabolites. In order to discover the multiple prototype components and metabolites of SHLI in human serum, Splot, a tool for visualization and interpretation of multivariate classification models, was used. In the S-plot, each point represented an ion detected by UPLC-Q-TOF/MS. Variables that were the farthest from the origin in the S-plot were representative of the most significant changes between the two groups. Based on this, even subtle differences in the two groups could be easily extracted. Figure 4 showed the ions in S-plot that were most responsible for distinguishing the C and SHLI groups and had a higher level in SHLI group. The S-plot responsible for the variances in the data was a combination of metabolites derived from the SHLI administration and endogenous molecules which were ubiquitous to serum and were interfered by SHLI. From a drug metabolite identification perspective, it was important that the disturbance endogenous molecules could be eliminated, and the prototype components and metabolites could be easily screened between SHLI-treated group and the control group. This comparison was achieved by using the trend plot. From the trend plots, the variables that only existed in the dosed serums were marked as the prototype components or the metabolites of SHLI. Figure 5 showed the visualized trend plot of 7.41-285.0762 in positive mode between C group and SHLI group. The ion only appeared in the SHLI group. Therefore, 7.41-285.0762 might be a prototype component or a metabolite of SHLI.
Based on the metabolomic strategy, 35 exogenous components in human serum were found, among them, 23 prototype components of SHLI and 12 metabolites were identified and their information was shown in Table 2 .
Characterization Analysis of Human Serum Prototype
Components and Metabolites of SHLI. In our study, the prototype components and metabolites of SHLI were identified by comparing the accurate mass and MS E fragment information obtained from the MS E technique. Figure 6 showed typical MS/MS spectra of the prototype component 6. − in negative ion mode. The molecular formula was speculated to be C 16 H 12 O 8 S, and the fragmentation information and the molecular formula were consistent with wogonin 7-sulfate. Other metabolites were determined by the same method described above and some of them were also supported by the databases such as HMDB (http://www.hmdb.ca/) and METLIN (http://masspec.scripps.edu/). As a result, 23 prototype components and 12 metabolites of SHLI were identified.
